Abstract A new model of the family of CRAC models, CRAC:EPII (Cosmic Ray Atmospheric Cascade:
Introduction
Nowadays, an important topic in atmospheric and space physics is related to the potential influence of energetic particles, entering into the atmosphere, on various atmospheric processes. The induced atmospheric ionization can affect various atmospheric processes, global electric circuit, and minor constituents [e.g., Vitt and Jackman, 1996; Turunen et al., 2009; Krivolutsky et al., 2005; Randall et al., 2007; Damiani et al., 2008; Jackman et al., 2008; Vainio et al., 2009; Calisto et al., 2011; Jackman et al., 2011; Mironova et al., 2012; Rozanov et al., 2012; Sinnhuber et al., 2012] . Different populations of ionizing particles are involved in the process of atmospheric ionization [Bazilevskaya et al., 2008; Mironova et al., 2015, and references therein] . Energetic particles are the main sources of ionization below 100 km, while solar UV and X-rays dominate at altitudes above 100 km but are absorbed below. Natural radionuclides (from the soil) contribute to atmospheric ionization in the lower atmosphere [Eisenbud and Gesell, 1997; Balanov et al., 2008] .
Energetic precipitating particles include galactic cosmic rays (GCRs), solar energetic particles (SEPs), precipitating protons, relativistic electrons from radiation belts, and auroral electrons. In this work we focus on relativistic electrons, while other sources are considered elsewhere.
The main source of ionization in the troposphere and stratosphere is related to GCR, which induce a complicated nuclear-electromagnetic-muon cascade [O'Brien et al., 1997; Usoskin and Kovaltsov, 2006; Bazilevskaya et al., 2008; Stozhkov et al., 2009; Usoskin et al., 2009; Velinov et al., 2013] . GCRs originate from outer space and are mostly protons and particles [e.g., Gaisser and Stanev, 2010] . The intensity of GCR is modulated by the solar wind and follows the inverse 11 year solar cycle. An important sporadic source of ionization is related to SEPs, linked to eruptive solar processes such as solar flares and coronal mass ejections [see Reames, 1999; Cliver et al., 2004; Dorman, 2006; Reames, 2009a Reames, , 2009b Aschwanden, 2012, and references therein] . In some cases the energy of SEPs is high enough (about a 1 GeV/nucleon) to initiate an atmospheric cascade leading to an enhancement of count rate of ground-based neutron monitors. This special class of SEP events, called ground level enhancements, significantly increases the ion production in the atmosphere, specifically in polar regions [Damiani et al., 2008; Jackman et al., 2009; Calisto et al., 2011; Jackman et al., 2011; Usoskin et al., 2011; Mironova et al., 2012; Mishev et al., 2013; Mishev and Velinov, 2015] .
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The precipitating electrons ionize the atmosphere, specifically its upper polar part. Electrons precipitate into the atmosphere from different regions of the magnetosphere due to various mechanisms such as nonlinear wave-particle interactions [e.g., Rees, 1963; Dorman, 2004; Millan and Thorne, 2007; Horne et al., 2009; Meredith et al., 2011; Carson et al., 2013; Tsurutani et al., 2013; Usanova et al., 2014; Kubota et al., 2015; Mironova et al., 2015; Miyoshi et al., 2015, and references therein] . Precipitating electrons play an important role in ion production in the Earth's atmosphere, specifically in the upper atmosphere over polar regions Clilverd et al., 2008; Daae et al., 2012; Clilverd et al., 2013] . Precipitating electrons affect the atmospheric chemistry [e.g., Callis, 1991; Callis et al., 1996; Rozanov et al., 2005; Verronen et al., 2011; Daae et al., 2012; Andersson et al., 2014; Mironova et al., 2015] as well as several physical properties of the atmosphere and magnetosphere [e.g., Clilverd et al., 2008; Maliniemi et al., 2013] . The intensity of the electron precipitation depends on solar and geomagnetic activity [Onsager et al., 2002; Reeves et al., 2003; Makhmutov et al., 2006; Rodger et al., 2007; Horne et al., 2009; Park et al., 2013; Neal et al., 2015] .
In this work we focus on precipitation of electrons and present a model based on full Monte Carlo simulation of their propagation in the Earth's atmosphere. The model allows one to assess the atmospheric ionization due to precipitating electrons.
The Model CRAC:EPII
Ion production in the atmosphere induced by precipitating electrons can be assessed by parametrization-driven models [e.g., Fang et al., 2008 Fang et al., , 2010 McGranaghan et al., 2015] . On the other hand, Monte Carlo models realistically simulate electron transport in the atmosphere considering explicitly their interaction with matter [Berger and Seltzer, 1972; Berger et al., 1974; Sternheimer et al., 1984; Solomon, 1993; Wissing and Kallenrode, 2009] . The main advantage of Monte Carlo transport codes is that they consider realistically all the physics processes involved, namely, energy deposition, pair production, Compton scattering, generation of bremsstrahlung high-energy photons (henceforth bremsstrahlung), photoionization, and annihilation of positrons [Berger and Seltzer, 1972; Berger et al., 1974; Wissing and Kallenrode, 2009] . In addition, they allow one to consider deeper penetrating bremsstrahlung compared to primary charged particles [e.g., Berger and Seltzer, 1972; Schröter et al., 2006] , which contribute to ionization of air, specifically at lower and middle altitudes. Therefore, in this work we apply a Monte Carlo simulation of electron propagation and interaction with atmospheric molecules.
An example of Monte Carlo models is the Atmospheric Ionization Model Osnabrück (AIMOS); for details see Wissing and Kallenrode [2009] . It is a Monte Carlo simulation model including a sorting algorithm to use observations from satellites. The model provides 3-D ion pair production rates for precipitating solar and magnetospheric charged particles and demonstrates good agreement with earlier models. It implies that the major contribution to ionospheric ionization is due to solar electrons in polar caps as well as magnetospheric electrons in the auroral oval. However, this model requires a complicated interface and it is computationally time consuming.
In this study, propagation and interaction of precipitating electrons with the atmospheric molecules are simulated with the (Geometry and Tracking) GEANT4-based [Agostinelli et al., 2003 ] simulation tool PLANETOCOSMICS [Desorgher et al., 2005] code with the NRLMSISE 00 atmospheric model employed [Picone et al., 2002] . The PLANETOCOSMICS is a tool for detailed simulation of particle interaction with atmospheric molecules and atoms. The code simulates the interactions and, when appropriate, decays of nuclei, hadrons, muons, electrons, and photons in the atmosphere in a wide energy range. It yields detailed information about the secondary particle flux at a selected observation level and the energy deposition.
Using PLANETOCOSMICS we have computed the ionization yield function, i.e., the number of ion pairs produced in the ambient air at a given atmospheric depth by a single primary vertically precipitating electron with a given energy. The ionization yield function Y e (x, K) (ion pairs ⋅ cm 2 /g) at a given atmospheric depth x is defined as
where E is the mean energy loss in the atmospheric layer x at depth x per one simulated primary electron with kinetic energy K and E ion = 35 eV is the average energy necessary for production of an ion pair in air [Porter et al., 1976] . The computations were carried out in the energy range of precipitating electrons between 20 keV and 500 MeV. An example of Y e (x, K) for several energies of the primary electron is given in Figure 1 . The corresponding look-up table is given in Appendix A. One can see the essential contribution of bremsstrahlung, specifically at depths below 1 g/cm 2 for lower energies (20 keV to 1 MeV, Figure 1a ), below 10 g/cm 2 for precipitating electrons with energy of 10 MeV, and below 30 g/cm 2 for precipitating electrons with energy greater than 10 MeV (Figure 1b) .
The ionization yield function Y e (x, K) is related to ion production rate Q(x) at a given depth x as where dJ e (K) dK is the differential energy spectrum of the primary precipitating electrons with energy K. The integration is over the kinetic energy above E i , which is 20 keV in our model. Here the yield function Y e (x, K) is the response (in the sense of ionization yields) to the monoenergetic unit flux of the primary precipitating electron entering the Earth's atmosphere with a vertical incidence. Therefore, the CRAC:EPII model follows the formalism described in Usoskin and Kovaltsov [2006] . The model makes it possible to compute ion production due to precipitating electrons in the whole atmosphere in any location over the globe considering given spectrum of electrons J e (K). An example of ionization yield function for precipitating electrons at several depths, namely, 1, 5, 10, and 15 g/cm 2 is shown in Figure 2 . The shape of the ionization yield function is similar at depths lower than 5 g/cm 2 , but it is different at smaller depths of a 1 g/cm 2 , where a spike is observed.
The model was quantitatively compared with a recent parametrizationdriven model [Fang et al., 2008 [Fang et al., , 2010 assuming a monoenergetic ionization yields with a very good agreement achieved (see A. Artamonov et al., Atmospheric ionization induced by precipitating electrons: Comparison of CRAC:EPII model with a parametrization model, submitted manuscript, 2016, http://arxiv.org/pdf/1601.0591-0v1.pdf). In general, the CRAC:EPII model yields slightly more ions, specifically in the maximum compared to the parametrization of Fang et al. [2010] . In addition, the level of maximum ion production by CRAC:EPII is at slightly smaller altitudes compared to the parametrization, because of the contribution of bremsstrahlung, which is neglected in the parametrization.
Application of the Model
With the described above formalism it is possible to compute the ion production in the atmosphere due to precipitating electrons (equation (2)). The differential ionization function F, defined as a product of the ionization yield function ( Figure 2 ) and a given spectrum of precipitating electrons (see below), is shown in Figure 3 for several depths. For the computation we assumed a hard precipitating electron spectrum (spectrum 4 from Table 1 ; see also Figure 4 ). One can see that the most effective energy of precipitating electrons to induce ionization strongly depends on the atmospheric depth. The bulk of ionization at depth of about 5 g/cm 2 is due to electrons with energy of about 10 MeV, while at depth of about 10 g/cm 2 is mostly produced by particles with energy of about 200 MeV. Therefore, the maximum shifts to higher energies with decreasing the altitude (increasing the depth). At depths of about 15 g/cm 2 the differential ionization function F flattens, because of the diminishing number of high-energy precipitating electrons.
In order to compute the ion production in the atmosphere due to precipitating electrons, a precise information about their spectra is necessary, which is usually derived on the basis of various measurements and reconstructions. Here we use electron spectra derived on the basis of balloon-borne measurements, specifically performed at polar latitudes [Bazilevskaya and Makhmutov, 1999] . The spectra are available in a recently published catalogue, summarizing 58 years measurements, namely, electron precipitation events observed in the polar atmosphere during the period 1961-2014 in the framework of cosmic ray observations performed in the stratosphere by Lebedev Physical Institute of Russian Academy of Sciences [Makhmutov et al., 2015] . a They were recorded during long-term balloon-borne cosmic ray measurements in the stratosphere at the polar station of Murmansk region (67 ∘ 33'N, 33 ∘ 20'E) [Makhmutov et al., 2015] . A e is the scaling parameter of the flux of the incident electrons; accordingly, E 0 is the characteristic energy of the electron spectra (see equation (3)). Table 1 . The number of the spectrum in the legend corresponds to those in Table 1 .
In the study presented here we assume an exponential shape of the precipitating electrons spectrum similarly to [e.g., Comess et al., 2013] 
where E 0 is a characteristic energy in the range of a keV to a MeV, A e is a scale of the flux of incident electrons given in [cm 2 s keV] −1 , and K is the electron's kinetic energy. The used spectra are summarized in Table 1 and shown in Figure 4 . They cover several orders of magnitude and encompass most of the performed measurements over the years, namely, between a soft spectrum 1 (16 August 2002) and a very hard spectrum 4 (27 March 2013). Detailed study of the electron impact ionization in the atmosphere considering the published catalogue is beyond the topic of this work. The computed ion production rates in the atmosphere for the events from Table 1 are shown in Figure 5 .
The contribution of bremsstrahlung to ion production is clearly seen at depths below 0.4 g/cm 2 for spectrum 2, accordingly below 5 g/cm 2 for spectrum 3, and below 10 g/cm 2 for spectrum 4. The contribution of bremsstrahlung to ion production due to precipitating electrons varies as a function of the precipitating electron spectrum. The harder spectra result on a deeper depth of bremsstrahlung contribution to ion production. Figure 5 . Ion production rate in the atmosphere as a function of the atmospheric depth due to precipitating electrons for spectra given in Table 1 and Figure 4 . The number of the spectrum in the legend corresponds to those in Table 1 .
Conclusion
Here we have presented a full numerical model aiming computation of ion production in the Earth's atmosphere due to precipitating electrons. It is based on a realistic simulation of propagation and interaction of precipitating electrons with the air using the PLANETOCOSMICS code [Picone et al., 2002; Desorgher et al., 2005] . The model allows computations in the whole atmosphere, specifically in the stratosphere over the globe, since it is based on the yield function formalism. The model is an extension of cosmic ray ionization model CRAC. The ionization yield functions for precipitating electrons with vertical incidence are given in a look-up Table A1 ; accordingly, an electronic table with more detailed computations is available upon request.
Using the model, one can compute the precipitating electrons induced ionization in the atmosphere for any desired location and conditions considering a given precipitating electrons spectrum. The model allows evaluation of the electron impact ionization in the atmosphere under different conditions and will stimulate better understanding on various atmospheric processes [e.g., Mironova et al., 2015, and references therein] . An application of the model for computation of electron impact ionization in the atmosphere using spectra derived on the basis of balloon-borne measurements is demonstrated in section 3.
Appendix A: Ionization Yields for Precipitating Electrons: A Look-Up Table
Here in Table A1 , we present ionization yield function for precipitating electrons in the form of a look-up table. The ionization yield functions (equation (1)) are computed with the GEANT4-based [Agostinelli et al., 2003] PLANETOCOSMICS [Desorgher et al., 2005] code using NRLMSISE 00 atmospheric model [Picone et al., 2002] . The lines represent the ionization yield function at the given depth in the atmosphere. The first column is the atmospheric depth. a The propagation of precipitating electrons in the atmosphere is performed with the PLANETOCOSMICS code using NRLMSISE 00 atmospheric model [Picone et al., 2002; Desorgher et al., 2005] .
